The effects of the oxidation atmosphere and crystal faces on the interface-trap density was examined by using constant-capacitance deep-level transient spectroscopy to clarify the origin of them. By comparing the DLTS spectra of the low-mobility interfaces oxidized in a N 2 O atmosphere with those of the high-mobility interfaces on C-face oxidized in a wet atmosphere, it was found that a high density of traps are commonly observed around the energy of 0.16 eV from the edge of the conduction band (C1 traps) in low-mobility interfaces irrespective of crystal faces. It was also found that the generation and elimination of traps specific to crystal faces: (1) the C1 traps can be eliminated by wet oxidation only on the C-face, and (2) the O2 traps (0.37 eV) can be observed in the SiC/SiO 2 interface only on the Si-face. The generation of O2 traps on the Si-face and the elimination of C1 traps on the C-face by wet oxidation may be caused by the oxidation reaction specific to the crystal faces. * tetsuo-hatakeyama@aist.go.jp
I. INTRODUCTION
SiC metal-oxide-semiconductor field-effect transistors (MOSFETs) are regarded as promising candidates for the next-generation high-voltage electrical power switches owing to the high critical electric field of SiC [1] [2] [3] . However, the low mobility in the SiC/SiO 2 interfaces hinders the potential performance of SiC MOSFETs. Thus, the improvement in the mobility in the SiC/SiO 2 interfaces is a central issue in the research and development of SiC MOSFETs. It was presumed that the traps in the SiC/SiO 2 interfaces are closely related to the degradation in mobility [4] . In 2000, Saks and Agarwal clearly showed that the low mobility in the SiC/SiO 2 interfaces is caused by the trapping of electrons at the highdensity interface traps on the bases of the Hall effect measurements of SiC MOSFETs [5] .
They showed that most of the inversion electrons induced by the gate voltage were trapped by interface traps by comparing the free carrier density in an interface obtained by Hall measurements with the total number of inversion electrons. They also pointed out that the Coulombic scattering by the trapped electrons may dominate the inversion electron transport by examining the temperature dependence of the Hall mobility. Later, detailed studies on the inversion electron transport of various types of SiC MOSFETs using Hall measurements confirmed the above-described degradation mechanism in mobility [6, 7] . Therefore, great efforts have been focused on reducing the interface trap density to improve mobility by examining the gate-oxidation and post-gate-oxidation annealing processes in detail. In recent years, annealing or oxidation in a nitric oxide (NO) or nitrous oxide (N 2 O) atmosphere, which is hereinafter collectively referred to as oxynitridation, has been used to reduce the high density of interface traps [8] [9] [10] . The optimized oxynitridation process reduces the interface trap density (D it ) evaluated by using the conventional Hi-Lo method [11] down to less than 10 12 cm −2 /eV at E C − E = 0.2 eV, where E C and E are referred to as the conduction-band edge and energy, respectively [12] . However, the effect of oxynitridation on the mobility is limited. In fact, the mobility in the SiC/SiO 2 interfaces fabricated by using oxynitridation is typically approximately 30 cm 2 /(Vs) [12, 13] . Another way to improve the channel mobility is to combine the use of the C-terminated face (C-face)
instead of the Si-terminated face (Si-face) along with annealing or oxidation in a wet atmosphere. The typical mobility in the SiC/SiO 2 interfaces fabricated on the C-face by using wet oxidation is approximately 90 cm 2 /(Vs) [14, 15] . However, the cause of the relatively 2 low mobility of the oxynitrided interface could not yet be identified. The densities of interface traps characterized by using the conventional Hi-Lo method are not correlated with the mobilities between these two types of samples [12, 15] ; thus, it seems that D it would not be the cause of the relatively low mobility of the oxynitrided interface.
The authors reported that the D it close to the conduction band in SiC/SiO 2 interfaces fabricated using oxynitridation was much higher than that of SiC/SiO 2 interfaces fabricated using wet oxidation on C-face by using constant-capacitance deep-level transient spectroscopy (CCDLTS) characterization. [16] . They concluded that the low mobility in SiC/SiO 2 interfaces oxidized in a N 2 O atmosphere on C-face should be caused by trapping electrons in the high density of the traps close to the conduction band. In this study, the effects crystal faces and oxidation atmosphere on the traps in SiC/SiO 2 interfaces was examined to confirm that the high density of the traps close to the conduction band are the common cause of the low mobility in SiC/SiO 2 interfaces irrespective of the crystal faces. Further, to elucidate the origin of the traps in SiC/SiO 2 interfaces, the properties of the identified traps close to the conduction band are discussed according to the dependence of the CCDLTS spectra on the crystal face and oxidation condition.
II. EXPERIMENTAL METHODS
The samples characterized in this study were MOS capacitors on the C-face (0001) or Si-face (0001) of 4H-SiC n-type epitaxial wafers. The density of nitrogen in the epitaxial layer was approximately 1 ×10 16 cm −3 . The SiC/SiO 2 interfaces of the MOS capacitors were fabricated by using the following gate-oxidation processes: (1) oxidation in an O 2 atmosphere at 1250 • C, followed by wet oxidation at 900 • C, followed by H 2 anneal at 800
• C on the C-face (DWHC); (2) oxidation in a N 2 O atmosphere at 1250 • C, followed by a H 2 anneal at 1000
• C on the C-face (NHC); (3) oxidation in an O 2 atmosphere at 1250 • C, followed by wet oxidation at 900
• C on the Si-face (DWS); and (4) oxidation in an O 2 atmosphere at 1250
• C, followed by post-oxidation annealing in a N 2 O atmosphere at 1250 
III. RESULTS AND DISCUSSION
First, we examined the CCDLTS spectra of MOS capacitors on C-face to clarify the cause of the low mobility of the oxynitrided interface [16] . Figure 1 (a) shows the comparison of the CCDLTS spectra between a DWHC sample, the interface of which exhibits a high mobility, and an NHC sample, the interface of which exhibits relatively low mobility. In Fig. 1 (a) , the horizontal axis is the first order of the sine coefficient of the DLTFS-signal (b1) with a period width of 205 ms and a recovery time of 4 ms [18, 19] . A peak was observed at approximately 100 K in the CCDLTS spectrum for the NHC sample. We refer to this peak as C1 for which an Arrhenius-plot analysis was carried out, and the results was presented in Fig. 1 (b) . The obtained energy of the traps that comprise the C1 peak (C1 traps) was estimated to be 0.16eV. The capture cross-section of the C1 traps was estimated to be 4
×10
15 cm 2 . In contrast, the CCDLTS spectrum for the DWHC sample is almost constant.
Especially, the CCDLTS signal at approximately 100 K for the the DWHC sample is onefourth of that for for the NHC sample. This means that the areal density of C1 traps of the DWHC sample is approximately one-fourth of that of the NHC sample. We conclude that the low mobility in the SiC/SiO 2 interfaces fabricated by the NHC process is caused by the high density of C1 traps for the following reasons: (1) the interface mobility is inversely correlated with the density of C1 traps, and (2) the interface mobility degradation mechanism proposed by Saks [5] can be applied to the high density of C1 traps because the energy level of the C1 traps (0.16 eV) is located above the Fermi energy at the onset of the formation of the inversion layer (approximately 0.2 eV from the edge of the conduction band at room temperature). Consequently, the C1 traps are not filled by electrons at the onset of the formation of the inversion layer; thus some of the inversion electrons are captured when the gate voltage exceeds the threshold voltage, which leads to a degradation in the interface mobility, as described in the introduction.
The CCDLTS spectra can be transformed into the energy distribution of the density of the interface traps (D it (E)) with the following two assumptions: (1) D it (E) depends only weakly on the energy, and (2) the capture cross section does not depend on the energy and temperature. Figure 2 shows the energy distributions for the DWHC and NHC samples calculated from the CCDLTS spectra. In the calculation of D it (E), the capture cross sections for the DWHC and NHC samples are assumed to be 4×10 15 cm 2 and 1× 10 15 cm 2 , respectively. For comparison, D it (E) calculated via the Hi-Lo method are also shown. D it (E) for the NHC sample steeply increases as the energy become close to the edge of conduction band, whereas that for the DWHC sample gradually increases. As a result, D it (E) close to the conduction band for the NHC sample is larger than that for the DWHC sample. This large D it (E) close to the conduction band for the NHC sample corresponds to the C1 traps, and they degrade the MOS mobility for the reason as described above. In contrast, the small D it (E) close to the conduction band for the DWHC sample results in a relatively large interface mobility of 80 cm 2 /(Vs).
In Fig. 2 , we also present the difference of the energy distributions of D it (E) characterized from the CCDLTS spectra and those characterized according to the Hi-Lo method [11] , where high-frequency C-V characteristics are measured at 100 kHz. It can be seen that the Hi-Lo method underestimates D it (E) compared to those estimated from CCDLTS spectra. This is because the frequency of the high-frequency capacitance measurement (100 kHz ) is not high enough to measure the real high-frequency capacitance [20] . We note that the interface traps are modeled as a series connection of the resistance and the capacitance in the equivalent circuit of a MOS capacitor [11] . Accordingly, the interface traps have cut-off frequencies.
To measure the real high-frequency capacitance, the frequency of the C-V measurement should be higher than the cut-off frequency of the traps, which exponentially increases as the energy of traps becomes close to the edge of the conduction band [11] . Therefore, the measured high-frequency capacitance is overestimated at the energy close to the edge of the conduction band, which leads to the underestimation of D it (E). As for the deep traps (> 0.5 eV), the capacitance measurements tend to be carried out in a non-equilibrium state, which also leads to the underestimation of D it (E). As for the NHC sample, the pile up of the nitrogen atoms at the SiC/SiO 2 interface [21] may cause a deviation in the estimate of trap energy in the C-V measurements. In summary, the D it (E) characterization of the SiC/SiO 2 interfaces via the Hi-Lo method at room temperature has a numbers of problems;
thus, it should be avoided.
Hereafter, we discuss the difference between the CCDLTS spectrum for MOS capacitors on the C-face and that for MOS capacitors on the Si-face to consider the origin of the C1 traps and other defects at the SiC/SiO 2 interfaces. Figure 3 shows a comparison of the CCDLTS spectrum between the oxynitried MOS capacitor on the C-face (the NHC sample) and the one on the Si-face (the DNHS sample). We found two peaks (01 and O2) in the CCDLTS spectrum for the DNHS sample, as shown in Fig. 3 . From an Arrhenius-plot analysis, the energies of the O1 traps and O2 traps are estimated to be 0.14 eV and 0.37 eV, respectively. These peaks were also reported by Basile and his coworkers [22] . It should be noted that the energy of the C1 trap at the SiC/SiO 2 interface on the C-face is almost equal to that of the O1 trap on the Si-face. On the other hand, the O2 peak in the CCDLTS spectrum is specific to the SiC/SiO 2 interface on the Si-face. The absence of the O2 peak in the CCDLTS spectrum of the SiC/SiO 2 interface on the C-face means that the density of O2 traps on C-face is, at least, negligible compared with that of the O1 traps. This information on the dependence of the trap densities on the crystal faces provides an insight into the origin and formation mechanism of traps in the SiC/SiO 2 interface.
Here, we review the structure of the SiC/SiO 2 interface on the Si-face and C-face. For the SiC/SiO 2 interface on the Si-face, uppermost Si atoms, which terminate the SiC layer, are connected to the O atoms in the SiO 2 layer [23] [24] [25] [26] [27] . For the SiC/SiO 2 interface on the C-face, it may be reasonable to assume that the uppermost C atoms are connected to the O atoms in the SiO 2 layer. However, first-principles molecular-dynamics calculations showed that this interface structure is not stable [28] . Consequently, it is believed that the Si atoms in the SiO 2 layer are connected to the uppermost C atoms in SiC [27, 28] . One of this type of SiC/SiO 2 structure was proved to be stable according to first-principles molecular-dynamics calculations [28] . Whatever else it might be, the SiC/SiO 2 interface on the C-face may be more unstable than that on the Si-face. This may cause the high oxidation rate of the C-face, which is ten times higher than that of the Si-face [29] . Further, the oxidation mechanism may be different between C-face and Si-face [27] . We speculate that the generation of O2 traps on the Si-face may be due to the oxidation mechanism specific to the Si-face.
Basile and his co-workers concluded that the O1 and O2 traps are defects in the oxide on the base of the comparison of CCDLTS spectra between MOS structures on the Si-face of 4H-SiC and those on the Si-face of 6H-SiC [22] . These traps correspond to near-interface oxide traps (NIT), which was first reported by Afanasev and his coworkers in 1997 on the bases of the experiments on phton-stimulated tunneling of trapped electrons (PST) [4] . Their PST measurements on MOS structures on 4H-SiC and 6H-SiC showed a barrier height of 2.8 eV, which corresponds to an energy for NIT levels at approximately E C − 0.1 eV, where E C is the energy of the edge of the conduction band of 4H-SiC. The idea of NIT was also supported by thermally stimulated current measurements using MOS structures on 4H-SiC and 6H-SiC [30] . In consideration of these reports, the C1 traps on the C-face, the O1 traps and O2 traps on the Si-face are likely to be oxide traps. Further, the C1 traps on the C-face are likely to be same as the O1 traps on the Si-face because the energy of each of them is almost the same. We presume that the origin of a C1 trap is a carbon dimer or a single carbon defect in SiO 2 by comparing the energy of the C1 traps with the charge transition energy of a point defect in SiO 2 on the basis of first-principles calculations [23, 31] .
A comparison of CCDLTS spectra of SiC/SiO 2 interfaces oxidized in a wet atmosphere on the C-face (a DWHC sample) with that on the Si-face (a DWS sample) is shown in Fig. 4 .
The CCDLTS spectrum of the DWS sample (Si-face) is much larger than that of the DWHC sample (C-face). This difference in the characteristics of the CCDLTS spectra reflects the difference in interface mobilities between the C-face and the Si-face (DWHC: 80 cm 2 /(Vs), DWS: 8 cm 2 /(Vs)). Figure 4 shows that the C1 traps are passivated or removed only on the C-face. If we assume that the C1 trap is an oxide trap, possible mechanisms for the elimination of the C1 traps from the interface can be narrowed down. First, we exclude the possibility of the acceleration of the decomposition of the C1 traps by wet oxidation because the C1 traps could be removed by wet oxidization also on the Si-face if this mechanism works.
Therefore, it is natural to think that the difference in the density of the C1 traps between the C-face and the Si-face is due to the difference in the defect-generation rate during wet oxidation. As described above, the structure of the SiC/SiO 2 interface on C-face may be totally different from that on Si-face. It is certain that the oxidation mechanism in a wet atmosphere is different between the C-face and the Si-face and that the difference in the 9 oxidation mechanism causes the difference in defect-generation rate at the oxidation front.
A more detailed investigation of wet oxidation of SiC from first principles is needed to clarify the mechanism of removal of the C1 traps.
IV. CONCLUSIONS
We used CCDLTS measurements to characterize and compare D it (E) close to the edge of the conduction band for SiC/SiO 2 interfaces on the Si-face and C-face fabricated using two techniques: oxynitridation and wet oxidation. The results showed that the D it (E) close to the edge of the conduction band for the SiC/SiO 2 interface on the C-face and Siface fabricated by using oxynitridation was much higher than that on C-face fabricated by using wet oxidation. The high value of D it (E) close to the edge of the conduction band of oxynitridated samples is due to the C1 traps, which are likely to be the main cause of the low interface mobility. The origin of the C1 traps is likely to be the carbon-related defects in the oxide, which are common in the SiC/SiO 2 interfaces on the C-face and Si-face. We found O2 traps in the SiC/SiO 2 interface only on the Si-face. We also found that C1 traps in the interface can be eliminated only on the C-face by wet oxidation. It is presumed that the generation of O2 traps in the interface on the Si-face and the elimination of C1 traps in the interface on the C-face by wet oxidation are caused by the oxidation reactions specific to the crystal faces, which are caused by the different atomic structures of the SiC/SiO 2 interface between the Si-face and the C-face.
